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Two-dimensional echocardiographic measurements of
regional left ventricular end-diastolic wall thickness and
systolic wall thickening were studied during coronary
artery occlusion and early after reperfusion and com-
pared with measurements of regional myocardial infarct
size. In 25 closed chest anesthetized dogs with left an-
terior descending coronary artery occlusion followed by
reperfusion, the occlusion period was 3 minutes in group
I (n = 4), 20 minutes in group II (n = 4), 60 minutes
in group III (n = 5) and 180 minutes in group IV (n =
12). Infarct size in groups III and IV was quantitated
using the triphenyltetrazolium chloride technique.
After coronary occlusion, wall thickening was re-
placed by thinning in the center of the ischemic region
at the midpapillary echographic short-axis section, and
no improvement in function occurred up to 60 minutes
after reperfusion, except in group I. Ischemic zone end-
diastolic wall thickness did not change significantly from
Slow recovery of regional cardiac metabolic and mechanical
function after temporary coronary artery occlusion has been
demonstrated in a number of experimental studies in recent
years (1-11). In dogs, it has been shown that periods of
coronary artery occlusion up to 20 minutes are not associated
with myocardial necrosis (12,13). However, regional me-
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control to the end of the coronary occlusion period, ex-
cept Group IV. At 60 minutes after reperfusion, end-
diastolic wall thickness increased only slightly in groups
I and II (by 7.2 and 0.24%, respectively), but a marked
increase was observed in groups III and IV (by 41 and
50%, respectively). The percent change in ischemic zone
end-diastolic wall thickness from before reperfusion to
60 minutes after reperfusion correlated well with the
amount of myocardial necrosis in corresponding seg-
ments (r = 0.936, standard error of estimate = 11.4%);
an increase in segmental end-diastolic wall thickness of
more than 25% was generally associated with 20% or
more segmental necrosis.
It is concluded that significantly increased regional
end-diastolic wall thickness early after reperfusion is
associated with irreversibly damaged myocardium, and
this might be used as an index of myocardial salvage.
tabolism and function remain abnormal in the most pro-
foundly ischemic myocardium for days after 15 minutes of
coronary artery occlusion followed by reperfusion (10,14).
With periods of severe ischemia exceeding 20 minutes, re-
gional necrosis may be found, but myocardial salvage and
gradual improvement in cardiac function are expected if
reperfusion is established within 3 hours after coronary oc-
clusion (1,3,4,11).
Because regional wall function remains depressed for
long periods of time even in the absence of necrosis, myo-
cardial salvage early after reperfusion must be assessed us-
ing alternate measurements. The present study was designed
to evaluate regional myocardial wall thickness and contrac-
tile function during the early stages of reperfusion in the
anesthetized dog and to relate those findings with quanti-
tative measurements of regional myocardial infarction. Two-
dimensional echocardiography was used for these studies,
with particular emphasis on regional changes in diastolic
wall thickness, since previous M-mode (15) and two-di-
0735-1097/84/$3.00
JACC Vol. 3. No.6
June 1984: 1444-53
HAENDCHEN ET AL.
DIASTOLIC WALL THICKNESS AFrER REPERFUSION
1445
mensional echocardiographic (16) investigations have dem-
onstrated persistently increased wall thickness after reper-
fusion, which could reflect severe myocardial edema and
irreversibly damaged myocardium.
Protocol. After complete instrumentation, the prepara-
tion was allowed to stabilize, and electrocardiograms, aortic
pressure and echocardiograms were recorded as control
measurements. After selective coronary angiography, the
left anterior descending coronary artery was occluded at a
Methods
Experimental preparation. Thirty-three mongrel dogs
weighing 21 to 32 kg were premedicated with morphine
sulfate (2.2 mg/kg body weight, intramuscularly), followed
30 minutes later by administration of sodium pentobarbital
anesthesia (25 mg/kg intravenously). After endotracheal in-
tubation, respiration was maintained with room air using a
Harvard respirator pump. Using a closed chest model of
intracoronary balloon occlusion (17), a double lumen bal-
loon 4F catheter (Edwards Laboratories) was inserted into
the left anterior descending coronary artery through the left
carotid artery, under fluoroscopic guidance. Aortic root
pressure was monitored during the experiments through a
catheter inserted into the femoral artery and connected to a
Statham P23Db transducer. Electrocardiograms were also
recorded. Heparin was given before instrumentation as a
bolus injection (5,000 international units, intravenously) and
supplemented with 2,000 international units every 3 hours
until 60 minutes after reperfusion.
Studies of regional myocardial function and thick-
ness. Two-dimensional echocardiography (ATL, Mark Ill)
was used to assess measurements of regional wall function
and thickness, as well as left ventricular volumes and ejec-
tion fraction. Five two-dimensional echocardiographic par-
asternal short-axis sections from the mitral valve to the low
left ventricular level, as well as a parasternal long-axis view
were obtained and used for reconstruction of left ventricular
volumes as previously described (18). For tracing of left
ventricular epicardial and endocardial interfaces, the leading
edge method was employed, and papillary muscles were
excluded from wall thickness measurements as previously
reported (19). Each short-axis section was then subdivided
in a standardized manner into eight equally spaced segments
using a computer-aided system and a fixed referencing method
(20). Wall thickness measurements were derived by dividing
the muscle area by the average segment perimeter in each
myocardial segment. Systolic wall thickening (WTh) was
calculated as follows:
WTh =
End-systolic End-diastolic
thickness - thickness
End-diastolic
thickness
x 100.
proximal site. The experiments of this study were divided
into four groups according to the period of occlusion before
reperfusion: group I (coronary artery occlusion for 3 min-
utes, n = 6), group II (20 minutes' occlusion, n = 6),
group III (60 minutes' occlusion, n = 5) and group IV (180
minutes' occlusion, n = 16). Four dogs, 2 each from groups
I and II, developed ventricular fibrillation immediately after
reperfusion and 4 of the 16 dogs in group IV died later in
the course of reperfusion, 2 between 8 and 12 hours and 2
between 36 and 48 hours after reperfusion. These eight dogs
were then excluded from the study. There were no deaths
in group Ill.
Periods of coronary occlusion were followed by deflation
of the intracoronary balloon and a I hour period of reper-
fusion in all dogs in groups I to III. In group IV, three dogs
were sacrificed I hour after reperfusion (group IVA) and
the remaining nine dogs were studied up to 7 days after
reperfusion (group IVB). Persistent reperfusion arrhythmias
(ventricular premature complexes or tachycardia) were treated
with a 40 mg intravenous bolus injection of lidocaine fol-
lowed by continuous infusion of 2 mg/min. Measurements
were always obtained in the control period, immediately
before and 15 and 60 minutes after reperfusion. Dogs in
group IVB were prepared under sterile conditions, and echo-
cardiograms were also performed 24 and 72 hours after
reperfusion with the dogs conscious. At 7 days, measure-
ments were repeated under anesthesia after which the dogs
were sacrificed.
Regional myocardial infarct size versus echocardio-
graphic measurements. Myocardial infarct size was es-
timated using the triphenyltetrazolium chloride technique
(21). The left ventricle was sliced into 8 to 10 mm thick
slices from apex to base, parallel to the atrioventricular
groove, and incubated in triphenyltetrazolium chloride. Each
slice was then photographed and the necrotic areas measured
by planimetry. A reconstruction was used to estimate infarct
size as percent of the left ventricular mass. After each myo-
cardial slab was divided into eight segments using the same
computer program employed for regional wall function stud-
ies, the transmural extent of necrosis in each octant was
calculated by dividing the segmental necrotic area by the
segmental muscle area. Measurements obtained in myo-
cardial slabs were matched with the echographic cross sec-
tions using anatomic landmarks as follows: a mid-ventric-
ular transverse slice through the body of the papillary muscles
was matched with a midpapillary echographic short-axis
section, and a low left ventricular slice (usually the second
from apex to base) containing the base of the papillary
muscles was matched with an echographic low left ventric-
ular section. The echographic and anatomic cross sections
were then rotated to match the anterior and posterior pap-
illary muscle regions.
Statistical analysis. For each group of dogs and isch-
emic versus nonischemic zones, a Friedman's analysis of
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variance was conducted for the pre- and postreperfusion
measurements. After obtaining a significant Friedman's re-
sult (probability [p] < 0.05), a Newman-Keuls multiple
comparison procedure was conducted to determine pairwise
differences. The alpha level for the Newman-Keuls multiple
comparison test was set at 0.05. Differences in heart rate,
aortic pressures and left ventricular volumes in the groups
were tested throughout the experiments using Student's t
test for paired data. The results are expressed as mean values
± standard error of mean.
Results
Hemodynamic variables. The effects of coronary ar-
tery occlusion on heart rate, aortic pressure, left ventricular
volume and ejection fraction are shown in Table I. Reper-
fusion (60 minutes) did not cause any significant changes
in heart rate or mean aortic pressure compared with occlu-
sion measurement except in group IV, in which heart rate
increased from 97 ± 5.5 to 110 ± 6.7 beats/min (p <
0.05). Left ventricular end-diastolic volume index did not
change significantly after reperfusion in group IV, but de-
creased from 80 ± 5.5 to 70 ± 3.4 cc/m2 in group I (p <
0.05), from 89 ± 5.1 to 77 ± 5.0 cc/m2 in group II (p <
0.05) and from 88 ± 5.1 to 76 ± 6.4 cc/m2 in group III
(p < 0.05). Ejection fraction improved significantly from
occlusion to 60 minutes of reperfusion in group I (from 36
± 4.1 to 47 ± 2.9%, p < 0.01) and in group II (from 39
± 2.0 to 44 ± 1.8%, p < 0.05); in group III it increased
from 35 ± 1.9 to 37 ± 1.0% (p = not significant) but
decreased in group IV from 36 ± 1.4 to 32 ± 1.8% (p <
0.05).
Infarct size. Dogs with 3 or 20 minutes of coronary
occlusion (groups I and II) were considered to be free of
necrosis on the basis of our previous experience and that of
others (13-15). Myocardial infarct size expressed as percent
of the left ventricle and interventricular septal mass was 5.0
± 1.4% (range 1.0 to 9.0) in group III and 10.8 ± 2.5%
(range 2.2 to 22.3) in group IV.
Regional left ventricular function early after reper-
fusion. Figure I illustrates the changes in systolic wall
thickening measured in the center of the ischemic zone, that
is, the octant of the midpapillary short-axis section with the
most severe depression in wall thickening. After coronary
occlusion and (immediately) before reperfusion, dogs in all
groups exhibited wall thinning that persisted up to 60 min-
utes after reperfusion, except in group I. In this latter group,
a partial recovery of regional function was observed 60
minutes after reperfusion, although function still remained
significantly depressed as compared with control
measurements.
End-diastolic wall thickness early after reperfu-
sion. Figure 2 shows the changes in end-diastolic wall
thickness (from control), measured in the center of the isch-
emic zone in the midpapillary short-axis section. In all groups
of dogs, only minor changes in end-diastolic wall thickness
were observed at the end of the occlusion period. However,
15 minutes after reperfusion, dogs in groups III and IV
exhibited a marked increase in end-diastolic wall thickness,
in contrast with only minor changes observed in groups I
and II; a further increase was noted between 15 and 60
minutes after reperfusion in dogs with I hour of coronary
occlusion.
Table 2 summarizes the results of end-diastolic and end-
systolic wall thickness measurements in the center of the
ischemic zone and also in the nonischemic zone (octant 1800
from the segment with the most severe depression in systolic
wall thickening) of the midpapillary short-axis section. Mea-
surements in group IV indicate that the substantial early
postreperfusion increase in end-diastolic wall thickness within
Table 1. Effects of Coronary Artery Occlusion on Hemodynamic Variables in the Four Experimental Groups
Group I Group II Group III Group IV
(3 minutes' (20 minutes' (60 minutes' (180 minutes'
occlusion) occlusion) occlusion) occlusion)
Heart rate (beats/min)
Preocclusion 84 ± 6.6 88 ± 7.3 78 ± 3.8 76 ± 7.3 :I:
Postocclusion 94 ± 9.8 94 ± 2.6 93 ± 4.3 97 ± 5.5
Mean aortic pressure (mm Hg)
Preocclusion 98 ± 2.4 90 ± 3.7 95 ± 3.6 97 ± 1.9 :I:
Postocclusion 93 ± 2.3 85 ± 2.8 95 ± 1.8 108 ± 4.3
Left ventricular end-diastolic volume index (cc/m2)
Preocclusion 68 ± 1.5 } * 71 ± 2.7 }* 71 ± 2.8 } * 74 ± 3.2}:I:
Postocclusion 80 ± 5.5 89 ± 5.1 88 ± 5.1 85 ± 4.4
Ejection fraction (%)
Preocclusion 58 ± 2.8 } t 59 ± 0.5 } t 58 ± I.O} t 60 ± 1.1 } t
Postocclusion 36 ± 4.1 39 ± 2.0 35 ± 1.9 36 ± 1.4
*, t, :I: p (probability) < 0.01(*), < O.OOI(t), < 0.05(:1:).
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Figure I. Segmental systolic wall thickening (WTh)
measured in the center of the ischemic zone (lZ) at
the midpapillary (MP) short-axis level of the left ven-
tricle during the control period, immediately before
reperfusion and 15 and 60 minutes after reperfusion.
Group I = 4 dogs with 3 minutes of occlusion of the
left anterior descending coronary artery, Group II =
4 dogs with 20 minutes of occlusion, Group III = 5
dogs with 60 minutes of occlusion and Group IV =
12 dogs with 180 minutes of occlusion, followed (in
all groups) by reperfusion. * = p < 0.05 relative to
the control period, t = P < 0.05 relative to the period
immediately before reperfusion (PRE-REPERF) .
-40
CONTROL LAD OCCLUSION 15' REPERF. 60' REPERF.
(PRE - REPERF.l
Figure 2. Ischemic zone (lZ) end-diastolic wall thickness (EDWT)
expressed as percent change (~) from control in the four groups
of dogs, measured at the midpapillary (MP) level of the left ven-
tricle. There were minor changes in regional end-diastolic wall
thickness from control to the pre-reperfusion period in all the
groups; at IS minutes after reperfusion there was a marked increase
in this index in dogs with 60 (Group III) and 180 (Group IV)
minutes of occlusion. Abbreviations as in Figure I. * = P < 0.05
relative to the pre-reperfusion period.
in a low left ventricular section (Fig. 48) showed a more
dramatic increase in end-diastolic wall thickness as com-
pared with segments in a midpapillary left ventricular short-
axis section (Fig. 4A).
Figure 5 shows one example ofa nearly transmural myo-
cardial infarction in a dog with 3 hours of occlusion fol-
lowed by 7 days of reperfusion. The increased end-diastolic
wall thickness in the anterior wall seen early after reper-
fusion corresponds to the site and extent of measured ne-
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the ischemic zone persisted for the entire 7 days of obser-
vations, However, there was a reduction commencing after
24 hours of reperfusion, and at 7 days it was significantly
less than at 60 minutes after reperfusion. End-systolic wall
thickness also increased early after reperfusion in groups III
and IV, even though systolic wall thinning was still evident
in the ischemic zone. No significant changes in end-diastolic
wall thickness were observed in nonischemic zones.
Figure 3 shows the recovery in function up to 7 days
after reperfusion in ischemic segments, defined as those
exhibiting more than 50% reduction in wall thickening at
3 hours of occlusion, No significant recovery of function
was seen when the early reperfusion end-diastolic wall thick-
ness in these segments increased by more than 25%. Func-
tion increased moderately when end-diastolic wall thickness
increased by 10 to 25%, and there was almost total recovery
of function when the early reperfusion increase in segmental
end-diastolic wall thickness was less than 10%. Ischemic
segments with more than a 25% increase in end-diastolic
wall thickness early after reperfusion also showed the most
severe reduction in systolic wall thickening immediately
before reperfusion (after 3 hours of occlusion).
Figure 4 shows the good correlation between percent
change (from before reperfusion to 60 minutes after reper-
fusion) in end-diastolic wall thickness and transmural extent
of necrosis in segments at the center of the ischemic zone.
Dogs with 3 minutes (group I) or 20 minutes (group II) of
coronary occlusion were judged to be free of necrosis and
generally exhibited small changes in end-diastolic wall
thickness (that is, less than 20%). In contrast, in dogs with
I or 3 hours of occlusion (groups III and IV, respectively),
those segments with a greater than 25% increase in end-
diastolic wall thickness were always found to have more
than 20% segmental necrosis, except in two instances. For
the same degree of transmural necrosis, ischemic segments
1448 HAENDCHEN ET AL.
DIASTOLIC WALL THICKNESS AFTER REPERFUSION
JACC Vol. 3. No.6
June 1984:1444-53
Table 2. End-Diastolic and End-Systolic Wall Thickness (mm) in Ischemic and Nonischemic Zones Measured in a Midpapillary
Two-Dimensional Echographic Short-Axis Section
Reperfusion
Group I
(n = 4)
EDWT
IZ
NIZ
ESWT
IZ
NIZ
Group II
(n = 4)
EDWT
IZ
NIZ
ESWT
IZ
NIZ
Group III
(n = 5)
EDWT
IZ
NIZ
ESWT
IZ
NIZ
Group IV
(n = 12)
EDWT
IZ
NIZ
ESWT
IZ
NIZ
Control
7.6 ± 0.2
8.9 ± 0.3
10.9 ± 0.7
12.5 ± 0.3
8.2 ± 0.2
8.9 ± 0.4
11.8 ± 0.3
12.5 ± 0.3
8.2 ± 0.6
8.8 ± 0.4
11.7 ± 0.8
12.1 ± 0.5
8.3 ± 0.2
8.9 ± 0.3
11.6 ± 0.3
11.8 ± 0.4
Pre-REP
7.8 ± 0.6
8.5 ± 0.4
6.1 ± 0.4*
11.8 ± 0.8
8.5 ± 0.4
8.3 ± 0.4
6.4 ± 0.5*
12.1 ± 0.6
7.9 ± 0.5
8.3 ± 0.8
7.5 ± 0.5*
12.1 ± 1.1
7.6 ± 0.2*
8.5 ± 0.8
7.7 ± 0.3*
11.4 ± 0.4
15 min
7.6 ± 0.6
9.3 ± 0.3
7.4 ± 0.9*
11.8 ± 0.6
8.3 ± 0.4
8.3 ± 0.9
6.9 ± 0.6*
11.2 ± 1.2
10.0 ± 1.2*t
8.8 ± 0.5
8.4 ± 1.0*
12.0 ± 0.7
12.3 ± 0.6*t
8.9 ± 0.2
11.0 ± 0.7t
11.5 ± 0.3
60 min
8.1 ± 0.2
8.6 ± 0.2
8.6 ± 0.6*t
11.9 ± 0.2
8.5 ± 0.2
8.1 ± 0.5
7.8 ± 0.3*t
11.4 ± 0.6
11.5 ± 0.7*t
9.0 ± 0.3
9.9 ± 0.5*t
12.0 ± 0.6
12.6 ± 0.6*t
8.8 ± 0.3
10.7 ± 0.7t
11.6 ± O.4t
"24 hr
12.1 ± 0.5*t:j:
9.7 ± 0.5
10.5 ± 0.5t
12.8 ± 0.4
"72 hr
12.0 ± 0.7*:j:
9.4 ± 0.4
11.7 ± O.4t
12.1 ± 0.5
"7 day
11.1 ± 0.7*t:j:
8.7 ± 0.3
10.5 ± 0.6t
11.6 ± 0.5
*p < 0.05 relative to control; tp < 0.05 relative to prereperfusion (n = 9); :j:p < 0.05 relative to 60 minutes' reperfusion. All values are reported
as mean ± standard error of the mean. EDWT = end-diastolic wall thickness; ESWT = end-systolic wall thickness; IZ = ischemic; LAD = left
anterior descending coronary artery; NIZ = nonischemic; REP = reperfusion; "n = 9.
crasis, while the extent of regional wall function abnor-
malities overestimated the extent of necrosis. Figure 6 shows
an example of another dog with 3 hours of occlusion, which
presented a small and patchy subendocardial necrosis at
pathologic examination. Although the extent of regional
wall function abnormalities early after reperfusion was large,
changes in end-diastolic wall thickness were minor in this
case, correctly reflecting the minor extent of myocardial
infarction observed at pathologic study.
Discussion
Effects of reperfusion on left ventricular func-
tion. Several investigators (5-10) previously reported sig-
nificantly delayed return of cardiac function and metabolism
after experimental reperfusion, even after short periods of
coronary occlusion that would not be associated with myo-
cardial necrosis. The exact explanation for this dissociation
between resupply of coronary blood flow and abnormal
myocardial systolic and diastolic function remains contro-
versial and has been the subject of investigation in the past
few years (1-10,14,22-26).
In view of the recent applications of nonsurgical throm-
bolytic coronary reperfusion (27-30) and early surgical re-
vascularization (31-34) in patients with acute evolving myo-
cardial infarction, this slow recovery of regional and global
cardiac function after reperfusion has important implica-
tions. Thus, assessment of the effectiveness of such inter-
ventions in terms of myocardial salvage cannot be based on
wall motion studies performed hours after reperfusion, and
several days may be needed before studies of function are
meaningful. Yet, at this latter time, other factors may be
responsible for the altered cardiac function, including any
pharmacologic interventions used. Therefore, it appears to
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Figure 3. Recovery of systolic wall thickening in
ischemic segments (segments with more than 50%
reduction in wall thickening at 3 hours of occlusion)
in dogs with 3 hours of occlusion and 7 days of
reperfusion (group IYB). The segments were sub-
divided into three categories: segments with more
than 25% increase in end-diastolic wall thickness
from pre- to 60 minutes postreperfusion (solid bars);
segments with moderate increase in wall thickness
(stippled bars) and segments with no significant
change (~) (hatched bars) early after reflow (see
text for details). Abbreviations as in preceding fig-
ures; * = p < 0.0\ relative to control; t = p <
0.05 relative to 3 hours of occlusion; n = number
of segments.
-20 CONTROL 3hr 60min 24hr 72hr 7daYI
LAD I I
OCCLUSION ---REPERFUSION ------'
be of great importance to develop new diagnostic techniques
capable of detecting and measuring irreversibly damaged
myocardium during the early stages of reperfusion.
Figure 4. Linear regression between the percent change (~) in
ischemic zone end-diastolic wall thickness (EDWT) (from im-
mediately pre- to 60 minutes postreperfusion) and transmural ex-
tent of necrosis (X axis) in myocardial segments (see text for
details). A, At the two-dimensional echocardiographic midpapil-
lary (MP) level. B, At the low left ventricular (LLY) level. Note
the difference in the slope of the regression equation between the
midpapillary and low left ventricular levels. The correlation coef-
ficients (r) and standard error of estimate (SEE) excluding the dogs
with no infarct were 0.870 and 0.914, and 14.7% and 11.8% for
the midpapillary and low left ventricular levels, respectively. Ab-
breviations as in Figures I and 2.
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Increased end-diastolic wall thickness after reperfu-
sion. The first report calling attention to significantly in-
creased wall thickness of an acutely ischemic myocardial
region after reperfusion in dogs was by Kane et al. (35),
using M-mode echocardiography. More recently, Murphy
et al. (15) reported that reperfusion after 30 or 120 minutes
of coronary occlusion in the pig resulted in a significantly
increased wall thickness of the ischemic myocardium, whereas
no postreperfusion increase was observed when the duration
of ischemia was only 15 minutes. However, no attempt was
made to correlate the wall thickness changes with infarct
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Figure5. Two-dimensional echocardiographic short-
axis sections at the midpapillary muscle level of the
left ventricle and pathologic study in a dog with 3
hours of occlusion followed by 7 days of reperfu-
sion, presenting with nearly transmural myocardial
infarction. A, Two-dimensional echocardiographic
end-diastolic frame obtained at j hours of coronary
occlUsion, immediately before reperfusion (arrows
indicate epicardial and endocardial interface in the
ischemic zone). A = anterior; L = lateral; P =
posterior; S = septum. B, End-diastolic frame ob-
tained 15 minutes after reperfusion, showing marked
increase in wall thickness in the ischemic antero-
lateral region. C, Transverse myocardial slice in an
equivalent level of the left ventricle stained with
triphenyltetrazoliulll chloride at 7 days after reper-
fusion. Note the necrotic area (N) in the anterola-
teral wall, which corresponds to the region of myo-
cardium with increased end-diastolic wall thickness
early after reperfusion shown in B.
size. Gaasch and Bernard (36), and Heyndrickx et al. (7)
also reported a transient increase in end-diastolic wall thick-
ness very early after reperfusion after brief periods of coro-
nary artery occlusion in the dog. Because such an increase
was transient during the period of maximal hyperemic re-
sponse, these authors associated the change in wall thickness
with temporarily increased myocardial blood volume. [n the
present study, we did not measure either end-diastolic wall
thickness immediately after reperfusion or coronary blood
flow. However, even though in dogs with 3 or 20 minutes'
coronary occlusion, measurements 15 or 60 minutes after
reflow showed minor changes in end-diastolic wall thick-
ness, a significant increase was frequently seen early after
reperfusion in dogs with 1 or 3 hours of coronary occlusion,
at which time hyperemic response is absent or minimal.
Role of myocardial edema in increased wall thick-
ness. The mechanism of increased myocardial wall thick-
ness after reperfusion may be related to a single event or a
combination of events known to occur in the early phase of
reflow after coronary artery occlusions exceeding 40 min-
utes. The first possible mechanism to be considered is myo-
cardial edema. Loss of volume regulation in myocardial
cells submitted to transient periods of ischemia was previ-
ously demonstrated by Whalen et al. (24). [n their study,
JACC Vol. 3, No.6
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Figure 6. Identical sequence as in Figure 5, except
in a dog with subendocardial and patchy necrosis.
A, Two-dimensional echocardiographic end-dia-
stolic frame at 3 hours of coronary occlusion, just
before reperfusion. B, End-diastolic frame 15 min-
utes after reperfusion in this dog shows only a small
region of increased wall thickness in the anterior
wall (arrows), suggesting that the area of eventual
necrosis may be small. C, Pathologic study 7 days
after reperfusion indicates patchy and focal sub-
endocardial necrosis (arrows) localized in the an-
terior wall in the same area showing slightly in-
creased end-diastolic wall thickness after reperfusion
shown in B.
40 minutes of occlusion of the left circumflex coronary
artery followed by reflow was associated with marked tissue
edema, resulting primarily from cell swelling. Such changes
were seen within minutes after reflow and were not observed
in dogs with 40 minutes of ischemia without reperfusion or
with 15 minutes of ischemia followed by reflow.
Intracellular and interstitial swelling were also reported
by Krug et al. (37) in cats with temporary coronary occlu-
sion, and by Kloner et al. (25), who demonstrated marked
tissue edema and accumulation of intracellular fluid as early
as 2 minutes after reperfusion in dogs. Willerson et al. (38)
used an isolated canine heart preparation to study the de-
velopment of fluid retention early after myocardial ischemia
and reflow. They found significant interstitial edema and
cell swelling in dogs with 40 minutes of ischemia and 20
minutes of reflow, and only mild cellular swelling and no
significant interstitial edema in dogs with 60 minutes of
fixed coronary occlusion. Gaasch et al. (39) also reported
increased myocardial water content and diastolic wall thick-
ness associated with myocardial contracture after reperfu-
sion in isolated blood-perfused dog hearts with prolonged
ischemic arrest. In addition to the narrowing of the capillary
lumen by compression from surrounding swollen muscle
cells and endothelial edema that may occur after reflow
(40,41), cell swelling itself may accelerate cell death (42).
Intramural hemorrhage and extent of necrosis. Myo-
cardial hemorrhage associated with reperfusion is known to
cause tissue swelling (43) and myocardial stiffening (39,44)
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and is usually more severe in dogs with a large infarct,
which was the case in our study. Therefore, the extent of
intramural hemorrhage after reperfusion seems to be directly
related to the extent of myocardial necrosis. However, re-
cent studies (45,46) suggest that reperfusion hemorrhages
are fully contained within the zone of necrosis. Because in
the present study the transmural extent of necrosis correlated
well with the degree of increased end-diastolic wall thick-
ness early after reperfusion, such a correlation could also
be associated with intramural hemorrhages.
Myocardial contracture. Another possible explanation
could relate to tissue and mitochondrial accumulation of
calcium (23) after reperfusion, which can be associated with
myocardial contracture and lack of diastolic relaxation. A
previous study by Henry et al. (47) indicated that such
abnormalities could be prevented in ischemic rabbit hearts
by a calcium channel blocker. Loss of vascular competence
in ischemic-reperfused myocardium and development of
contracture/rigor in dead myocytes may be possible expla-
nations for the events observed in our study. Increased rig-
idity and "rigor mortis" may also occur in the functioning
heart as a consequence of strong linking of actin-myosin
filaments. This has been reported in experimental studies in
dogs (48,49), and may also explain the "stone heart" syn-
drome previously reported by Cooley et al. (50) in patients
with prolonged ischemic arrest during open heart surgery
and cardiopulmonary bypass.
Present findings. Although the persistence of increased
wall thickness and its mechanism after reflow remain to be
clarified, several points can be inferred from data obtained
in our study. First, increased end-diastolic wall thickness
early after reperfusion correlated directly with the trans-
mural extent of necrosis. Second, ischemic segments (seg-
ments with more than 50% reduction in systolic wall thick-
ening at 3 hours of occlusion) that exhibited more than a
25% increase in end-diastolic wall thickness early after re-
flow did not show recovery of function within 7 days after
reperfusion. In contrast, segments with less than a 25%
increase in end-diastolic wall thickness 60 minutes after
reperfusion exhibited at least partial functional recovery.
Measurements of systolic wall thickening used in the
present study to characterize regional myocardial function
have been previously reported by Ross and Franklin (51)
and many others, using sonomicrometry. More recently,
Pandian and Kerber (52) compared regional wall thickening
measured by two-dimensional echocardiography and sono-
micrometry in dogs with severe coronary stenosis, and found
complete agreement between the techniques.
Limitations of the study. One limitation of our study
is the appropriate matching of anatomic sections of the left
ventricle against equivalent echographic short-axis sections.
This, in fact, could partly explain some of the scatter in the
correlations presented in Figure 4.
Another possible limitation is the gross estimation of
infarct size using the triphenyltetrazolium chloride tech-
nique. Reimer and Jennings (43) recently demonstrated
overestimation of anatomic infarct size due to tissue edema
and hemorrhage.
Caution should be taken when extrapolating our results
to studies ofnonsurgical reperfusion in human beings. First,
we used a model of total reperfusion, which is not the case
in most patients with acute thrombotic coronary artery ob-
struction treated with thrombolytic drugs, in whom severe
underlying coronary artery stenosis produces a partial re-
flow. Second, in this group of patients lysis of the thrombus
possibly occurs gradually, as opposed to our model of sud-
den reflow of arterial blood.
Conclusion. Experimental data in dogs with acute coro-
nary artery occlusion followed by reperfusion indicate that
persistently increased end-diastolic wall thickness in isch-
emic myocardial segments early after reperfusion correlate
well with the transmural extent of regional necrosis deter-
mined by pathologic examination. Our findings need to be
corroborated by clinical studies performed before and early
after surgical or nonsurgical reperfusion.
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